To further investigate the bacterial community and identify the bacterial biomarkers between venom secretion and non-venom secretion snakes, 50 intestinal samples (25 large intestine, 25 small intestine) were obtained from 29 snakes (13 gut samples from Deinagkistrodon, 26 from Naja and 11 from Ptyas mucosa). 16S rDNA high-throughput sequencing results showed that 29 bacterial phyla, 545 bacterial genera, and 1,725 OTUs (operational taxonomic units) were identified in these samples. OTU numbers and the Ace, Chao, Shannon, and Simpson indexes were very similar among the three breeds of snakes included in this study. The Bacteroidetes, Firmicutes, Fusobacteria and Proteobacteria were predominant bacterial phyla. The relative abundance at the phylum level among these samples was similar, and the difference between small and large intestinal samples was not obvious. However, at the genus level, venom secretion snakes Deinagkistrodon and Naja clustered together according to different breeds. 27, 24, and 16 genera were identified as core microbes for Deinagkistrodon, Naja, and Ptyas mucosa, respectively. Interestingly, the relative abundances of genera Hafnia_Obesumbacterium, Providencia, and Ureaplasma were found to be significantly higher in non-venom secretion snakes, and the genera Achromobacter, Cetobacterium, Clostridium innocuum group, Fusobacterium, Lachnoclostridium, Parabacteroides, and Romboutsia were only detected in venom secretion snakes. The function of these bacteria in venom secretion needs to be further studied, and these venom secretion related genera may be the promising target to improve venom production.
Gut microbiota refer to a large number of microorganisms existing in the intestine of human and animals. Gut microbitoa take part in host metabolization and regulate host immune systems development, which plays a very important role in maintaining the host health balance 1, 2 . Many diseases have been reported to be associated with changes in diversity or richness of gut microbiota 3 . So far, most of the studies have focused on mammalian vertebrates' gut microbiota, with fewer investigations on reptile vertebrates such as snake. As one of the special economic animals, snake has high commercial values as its whole body has value. Snake gall is regarded as a precious Chinese medicine, which can be used to treat damp and fire, improve eyesight, relieve a cough, and reduce phlegm 4 . Antithrombotic enzyme obtained from Agkistrodon can be utilized to treat thrombus 5, 6 . In particular, known as "liquid gold" in the international market, and costing dozens of times more than gold, snake venom is insufficiently available as animal medicine in the international market. Due to its proven antivirus 7 , anti-inflammatory 8 , and immune regulatory 8 functions, snake venom not only has been in use as tranquilizer 9 , and for colorectal cancer treatment 10 , but also can be developed into health care products such as snake wines 11, 12 . Although diet elements or chemical compounds can be metabolized by microbes or co-metabolized by the host and microbes 13, 14 , the relationship between venom secretion and gut microbiota requires further study. To investigate the flora difference between venom-secretion and non-venom secretion snakes, the gut samples of three kinds of snakes (e.g., Deinagkistrodon, Naja, and Ptyas mucosa) were collected for high-throughput 16 s rDNA sequencing analysis in this study. Our results revealed Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, Actinobacteria, and Saccharibacteria to be the major bacteria present in these three snakes. Some core microbes, which can be detected in all samples, were identified in this study. Some bacteria may be related
Materials and Methods
Sample collection. A total of five small intestinal samples and six large intestinal samples were collected from seven Ptyas mucosa; seven small intestinal samples and six large intestinal samples were collected from eight Deinagkistrodon; 13 small intestinal samples and 13 large intestinal samples were collected from 14 Naja. All of these samples were used for bacterial genome DNA extraction and high-throughput 16S rDNA sequencing. Detailed information of these snakes, like gender, weight and length et al., is listed in Supplementary Table 1 . As in routine procedures, snakes were anesthetized using diethyl ether and then were killed by severing the spinal cord immediately posterior to the head. After the snakes were sacrificed, the snake skin was cleaned and wiped with sterile alcohol, and the gastrointestinal tract of these snakes was exposed via a mid-abdomen incision. The contents of the small intestine and large intestine were drained into different sterile vials. The collected samples were quickly frozen in liquid nitrogen, and then stored at −80 °C for further analysis. The study was approved by the Ethics Committee of the Hunan University of Science and Engineering, and all procedures were performed according to the relevant guidelines and regulations.
Bacterial genomic DNA extraction. Bacterial genomic DNA was extracted using a QIAamp DNA Stool Mini Kit following the manufacturer's instructions (QIAGEN, Germany). The concentration of the extracted DNA was determined by using a NanoDrop ND-2000 (NanoDrop Technologies, USA), and its integrity and size were confirmed by performing 1% agar gel electrophoresis.
16S rRNA gene high-throughput sequencing and analysis. According to previous work, bacterial genome DNA samples extracted from snake gut samples were amplified using barcoded 16S rRNA gene primers 338F (5′-ACT CCT ACG GGA GGC AGC A-3′) with 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) 15 . After adding sequence adapts and constructing sequencing libraries, next-generation sequencing was performed on an Illumina MiSeq 300PE system that was operated by XY Biotechnology Co., Ltd., Shanghai, China. In total, 50 snake gut samples were sent to high-throughput 16S rRNA gene sequencing.
The original image data from the second-generation high-throughput sequencing instruments were converted into sequence data by base calling and saved as in a FASTQ format. Next-generation sequencing reads were identified by barcodes using a QIIME pipeline. Clean and high-quality sequences were then used for downstream analysis. A 97% similarity cutoff was employed in defining OTUs using Mothur 16 . One sequence was picked out from each OTU as representative. The representative sequences were classified using the RDP classifier method 17, 18 and SILVA database (https://www.arb-silva.de/documentation/release-123/). Good's coverage, alpha diversities including Simpson and Shannon index, and richness (observed number of OTUs) values were calculated using Mothur. The data have been deposited in the sequence read archive (SRA) of NCBI as GenBank Accession Number SRP132421. Basic data on 16S rRNA gene high-throughput sequencing are listed in Supplementary Table 2.
Statistical Analysis. SPSS software (version 20.0; SPSS Inc., USA) and the ANOVA LSD(L) test were employed in this study. P < 0.05 was considered to be statistically significant. Plot cladograms and significantly different bacterial taxa were analyzed using a LDA Effect Size (LEfSe) algorithm 19 .
Results
Barcode 16s pyrosequencing and diversity analysis. In this study, 50 gut samples collected from three snake species, Deinagkistrodon, Naja, and Ptyas mucosa, were subjected to the 16s rDNA high-throughput sequencing analysis. In total, 1,301,357 valid reads were obtained from 13 Deinagkistrodon gut samples, 2,461,474 valid reads were obtained from 26 Naja gut samples, and 971,049 valid reads were obtained from 11 Ptyas mucosa gut samples (Supplementary Table 2 ). Of these sequences, 94.4%, 94.6%, and 99.9% reads were classified as bacterial phyla for Deinagkistrodon, Naja, and Ptyas mucosa samples, respectively. The reads that could be classified as bacteria were used for further analysis. As shown in Fig. 1A and Supplementary Figure 1 , the sequencing coverage was close to 100% and the rarefaction curves exhibits a tendency to saturation, indicating that most bacterial species were captured by sequencing in all samples.
After classification, 29 bacterial phyla, 545 bacterial genera, and 1,725 OTUs were identified from these snake gut samples. In this study, 97% similarity was set as the OTU cut-off point. For each kind of snakes, 104-495 OTUs, 150-517 OTUs, and 91-335 OTUs were identified in Deinagkistrodon, Naja, and Ptyas mucosa samples, respectively (Supplementary Table 2 ). The distribution of OTU numbers in each sample is shown in Fig. 1B . The number of OTUs was slightly higher in venom secretion snakes Deinagkistrodon and Naja than non-venom secretion snake Ptyas mucosa. Although the difference of small intestinal samples was not statistically significant among these groups, OTU numbers were greatly higher in Naja than in Ptyas mucosa for the large intestinal samples (Table 1) .
To analyze the alpha diversity of these samples, the indexes of Ace, Chao, Shannon, and Simpson were calculated. This process allowed us to fully characterize the bacterial community diversity in samples. Detailed information on the estimators for each sample is presented in Supplementary Table 2. As shown in Fig. 1C -F, while the indexes of Ace, Chao, and Shannon were slightly higher in Deinagkistrodon and Naja samples than Ptyas mucosa, the index of Simpson appears to be higher in Ptyas mucosa samples. Statistical analysis results showed that Ace, Chao, and Shannon indexes were significantly different between Naja and Ptyas mucosa small intestinal samples; Shannon and Simpson were significantly different between Deinagkistrodon and Naja small intestinal samples; Chao index was significantly different both between Deinagkistrodon to Ptyas mucosa, and Deinagkistrodon to Naja large intestinal samples (Table 1) .
www.nature.com/scientificreports www.nature.com/scientificreports/ To analyze the beta diversity of the snake gut samples in this study, principal coordinate analysis (PCoA) was employed. As illustrated in Fig. 2 , PCoA results indicated that most of the samples from Deinagkistrodon and Naja groups were clustered together with those of Ptyas mucosa groups being more dispersive.
Microbial composition and core gut microbes of snake gut samples. Ten bacterial phyla with a relative abundance higher than 1% were identified from sequence samples. Among them, six phyla Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, Actinobacteria, and Saccharibacteria were detected in all samples. As shown in Fig. 3 , the relative abundances of the top 10 bacterial phyla accounted for most of the sequenced reads. The phyla Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria were the predominant bacteria, which accounted for 80.5-99.9% of the reads of all sequenced samples, with Actinobacteria and Saccharibacteria very low (Supplementary Figure 2) . In 46 of 50 samples, more than 90% of sequenced reads were identified as bacterial phyla Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria. The average percentages of these phyla in Deinagkistrodon, Naja, and Ptyas mucosa samples were 30.5%, 29.2%, and 23.2% for Bacteroidetes; 22.7%, 19.1%, and 27.7% for Firmicutes; 18.2%, 5.5%, and 4.4% for Fusobacteria; 24.4%, 40.1%, and 43.3% for Proteobacteria. Although the difference of the phyla Bacteroidetes and Firmicutes among Deinagkistrodon, Naja, and Ptyas mucosa samples was not significant, the relative abundance of phylum Fusobacteria was significantly higher in Deinagkistrodon than in Naja and Ptyas mucosa samples, and the relative abundance of the phylum Proteobacteria was significantly lower in Deinagkistrodon samples (Supplementary Figure 3A and B) . Difference in some other minor bacterial phyla were also found from the pairwise comparison. Synergistetes was significantly higher in www.nature.com/scientificreports www.nature.com/scientificreports/ Deinagkistrodon than in Naja samples (Supplementary Figure 3A) ; Actinobacteria was significantly higher in Deinagkistrodon than in Ptyas mucosa samples (Supplementary Figure 3B) ; Actinobacteria, Synergistetes and Chlamydiae were significantly higher in Naja than in Ptyas mucosa samples (Supplementary Figure 3C) .
At the genus level, 108 genera with relative abundance higher than 1% were identified from sequence samples. The first top 10 genera, Bacteroides, Cetobacterium, Aeromonas, Providencia, Morganella, Clostridium innocuum group, Achromobacter, Clostridium sensu stricto 1, Salmonella and Fusobacterium (Fig. 4) , accounted for 57.0%, 52.2% and 64.3% of sequenced reads in Deinagkistrodon, Naja, and Ptyas mucosa samples, respectively.
The genera that were detected in each sample were considered as core genera. As summarized in Table 2 , 27, 24, and 16 genera were identified as core microbes for Deinagkistrodon, Naja, and Ptyas mucosa, respectively. The relative abundance of the core genera accounted for more than 50% of the sequence reads in most of the sequenced samples (Supplementary Figure 4A-C) . 12 genera were detected in all sequenced snake samples, www.nature.com/scientificreports www.nature.com/scientificreports/ independent of breed ( Table 2 ). The distribution of the 12 genera in all samples is presented in Fig. 5 . The average abundance of the 12 core genera was upto 43.9%, and most of the genera like Acinetobacter 20 (Table 2) . Interestingly, genera Achromobacter, Cetobacterium, Clostridium innocuum group, Fusobacterium, Lachnoclostridium, Parabacteroides, Romboutsia can only be detected in venom secretion snakes Deinagkistrodon and Naja (Table 2) .
Although, some genera can be identified as core microbes, the difference among different breeds was obvious. Between Deinagkistrodon and Naja, 42 genera were significantly higher in Deinagkistrodon samples, and another 56 genera were significantly higher in Naja samples (Supplementary Figure 5A) . Between Deinagkistrodon and Ptyas mucosa, 49 genera were significantly higher in Deinagkistrodon samples, and another 10 genera were significantly higher in Ptyas mucosa samples (Supplementary Figure 5B) . Between Naja and Ptyas mucosa, 68 genera were significantly higher in Naja samples, and another 11 genera were significantly higher in Ptyas mucosa samples (Supplementary Figure 5C ).
Intestinal flora difference among studied snakes. Based on LEfSe analyses, the significantly different bacterial taxa (P < 0.05) among the three communities were identified and listed in the right side of the cladogram (Fig. 6) . At the Class level, Epsilonproteobacteria was higher in Naja than other two breeds, and Gammaproteobacteria was higher in Ptyas mucosa than other two breeds. At the Order level, Vibrionales, Campylobacterales, and Pseudonocardiales were significantly higher in Naja samples. At the Family level, Rikenellaceae was significantly higher in Deinagkistrodon samples, with Helicobacteraceae, Family XI under Order Clostridiales, Veillonellaceae, and Pseudonocardiaceae significantly higher in Naja samples. At the genus level, uncultured bacteria under Family Flavobacteriaceae, Oxalobacter, other unidentified bacteria under Family Lachnospiraceae, Porphyromonas and Desulfovibrio were significantly higher in Deinagkistrodon samples; Helicobacter, Leucobacter, Arachidicoccus, Peptostreptococcus, Erysipelothrix, Saccharopolyspora, and Mobiluncus were significantly higher in Naja samples; Providencia, Hafnia_Obesumbacterium, and Ureaplasma were significantly higher in Ptyas mucosa samples (Fig. 6 ).
Discussion
Although a few studies have used high-thoughput sequencing method to investigate the bacterial communities of Agkistrodon piscivorus 28 , Crotalus horridus 29 and Burmese pythons 30 , no bacterial taxa data of gut microbiota from Deinagkistrodon, Naja and Ptyas mucosa have been reported so far. In this study, 29 bacterial phyla, 545 bacterial genera, and 1,725 OTUs were identified in the gut samples of these snakes. The average OTU number of these samples was about 300 to 400, which was similar to the OTU numbers detected in Burmese pythons samples 30 , www.nature.com/scientificreports www.nature.com/scientificreports/ but a little bit higher than Agkistrodon piscivorus samples 28 for which about 100 OTUs were detected. The OTU number difference among our study with previously published reports maybe due to their different life habits, or dependence on the sequence depth.
Deinagkistrodon core genera Naja core genera Ptyas mucosa core genera
Clostridium sensu stricto 1 Clostridium sensu stricto 1 Clostridium sensu stricto 1 Table 2 . Core microbes detected in Deinagkistrodon, Naja, and Ptyas mucosa gut samples*. *Y in bracket represent that some species in this genus were opportunistic pathogens or related to infectious diseases. All of this kind of information was obtained by searching these bacteria on the website of https://en.wikipedia.org/ wiki/Main_Page. www.nature.com/scientificreports www.nature.com/scientificreports/ In this study, the phyla Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria were the predominant bacteria, which were consistent with results obtained from Agkistrodon piscivorus 28 and Crotalus horridus 29 . Bacteroidetes, Firmicutes, and Proteobacteria were reported as the predominant bacteria detected in Agkistrodon piscivorus samples 28 , and Proteobacteria and Firmicutes were reported as the predominant bacteria detected in Crotalus horridus samples 29 . However, Proteobacteria was the major bacterial phylum, accounting for more than 50% in Agkistrodon piscivorus small intestinal samples 28 , and Bacteroidetes was the predominant bacterium in large intestinal samples. In this study, bacterial composition patterns of small and large intestines at the phylum level were very similar (Fig. 3) , the similarity coefficients of these patterns between small and large intestines for Deinagkistrodon, Naja Ptyas and Ptyas mucosa were 0.98, 0.96 and 0.78, respectively. The bacterial communities were not clustered together according to gender, weight, and length (Fig. 2) . We know from Supplementary Table 1 , that snakes D1, D2, D3 and D8 were female Deinagkistrodon, and snakes D4, D5, D6 and D7 were male Deinagkistrodon. PCoA analyses did not separate these samples according to different sex (Fig. 2) . Similar results were also found for different weights and lengths (Fig. 2) . In addition, the wild snake didn't have an obvious different bacterial community when compared to bred snakes (Fig. 2) . However, Deinagkistrodon and Naja groups were clustered together with those of the Ptyas mucosa group being more disperse. The character and strength of venom toxicity may be one of the major factors that affected their intestinal bacterial community. Both snakes of Deinagkistrodon and Naja can secret venom (https:// en.wikipedia.org/wiki/), thus the venom may have the ability to affect the growth of intestinal bacteria. However, the snake of Ptyas mucosa didn't have the ability to secret venom, so there was no venom to restrict their intestinal bacterial patterns. Of course, our hypothesis requires further investigation.
Despite the fact that core microbiomes have been identified for human and mouse gut samples [31] [32] [33] , snake core gut microbes are still missing due to the small number of samples from previous snake gut microbiota studies. In this study, we sequenced 50 gut samples, and found that the core microbes existed in these snake samples, and that different breeds had different core microbiomes. As shown in Table 2 , 27, 24, and 16 genera were identified as core microbes for Deinagkistrodon, Naja, and Ptyas mucosa, respectively. Moreover, some bacterial genera were found existing in all detected snakes (Fig. 5) . In consideration that most genera listed in Table 2 , and Salmonella 27 were human and animal pathogens or opportunistic pathogens, they should be defined as one of the focuses of disease prevention and control. Since Ptyas mucosa and Naja species (mostly Naja naja) frequent human dwellings, their feces may contaminate human and animals, and become a bacterial infection source. A total of 17 bacterial genera identified from intestines of study snakes (Table 2) were found to be pathogens or opportunistic pathogens to animals and humans (https://en.wikipedia.org/wiki/Main_Page). Therefore, this study provides an opportunity for further investigations on how snakes contribute to zoonosis in their distribution ranges.
However, some significant differences in some bacteria were identified among different breeds. More interestingly, we found that some bacteria could be related to the venom secretion. As illustrated in Fig. 6 , Hafnia_ Obesumbacterium, Providencia, and Ureaplasma were significantly higher in non-venom secretion snake Ptyas mucosa than the other two venom secretion snakes Deinagkistrodon and Naja. The other 7 genera, Achromobacter, Cetobacterium, Clostridium innocuum group, Fusobacterium, Lachnoclostridium, Parabacteroides, and Romboutsia Figure 6 . Analysis of different abundant bacterial taxa using LDA Effect Size (LEfSe) algorithm. The bacterial percentage of snake gut samples was used for LefSe analysis. The P value < 0.05 was identified as significantly different among these groups. Significantly enriched bacterial order, family and genus are listed on the right side. D, N, and P refer to Deinagkistrodon, Naja, and Ptyas mucosa, respectively.
www.nature.com/scientificreports www.nature.com/scientificreports/ were only detected in the venom secretion snakes Deinagkistrodon and Naja. Certainly, the function of these bacteria in venom secretion needs to be further studied. In addition, the study of the varied buccal cavity bacterial community of snakes is needed. Some pathogenic bacteria has been cultured from the venom and oropharynx of snakes, and they have been implicated in secondary infections of snake bite wounds 34, 35 . In summary, the bacterial community of 50 snake gut samples was examined using 16S rDNA sequencing analysis, and 29 bacterial phyla, 545 bacterial genera, and 1,725 OTUs were identified in these samples. Among them, 27, 24, and 16 genera were identified as core microbes for Deinagkistrodon, Naja, and Ptyas mucosa, respectively. In addition, the relative abundance of 3 genera (Providencia, Hafnia_Obesumbacterium, and Ureaplasma) were found to be significantly higher in non-venom secretion snakes, and 7 genera (Achromobacter, Cetobacterium, Clostridium innocuum group, Fusobacterium, Lachnoclostridium, Parabacteroides, Romboutsia) were only detected in venom secretion snakes. There is a need for additional sophisticated study to understand whether these bacteria have targets to improve venom secretion in those snakes.
